Effects of different biological response modifiers on interferon expression in bacterial lipopolysaccharide (LPS)-responsive and LPS-hyporesponsive mouse peritoneal macrophages
P. Di Marzio, t S. Gessani, t C. Locardi, ~ P. Borghi, t C. Baglioni 2 and F. Belardelli We have previously shown that the antiviral state of explanted mouse peritoneal macrophages (PM) decays during in vitro culture and that this decay is much more rapid in Lps ~ PM than it is in Lps n PM. Moreover, Lps ~ PM can transfer the antiviral state to other cells, whereas 
Introduction
Peritoneal macrophages (PM), freshly explanted from normal mice, constitutively express small amounts of interferon (IFN)-~/fl that maintain these cells in an antiviral state (Belardelli et al., 1984 Gresser et al., 1985; Proietti et al., 1986a) . Peritoneal cells or macrophages from normal mice efficiently transfer this IFN-mediated antiviral state to target cells (Proietti et al., 1986a; Belardelli et al., 1987) . We have recently reported (Gessani et al., 1989 ) that low levels of IFN-fl mRNA can be detected in mouse PM; bacterial lipopolysaccharide (LPS) and IFN-2: markedly increase the accumulation of IFN-fl mRNA in PM and induce a significant secretion of IFN-fl into the culture medium.
Although several studies indicate that small amounts of IFN are expressed under normal physiological conditions, the natural stimuli for this constitutive IFN production are not yet known (Bocci, 1981; Tovey, 1989) . It has been suggested by Vogel & Fertsch (1987) and by our group that bacterial endotoxins may be involved in stimulating IFN production by PM in vivo. This hypothesis is supported by the finding that freshly explanted PM from C3H/HeJ mice do not induce an antiviral state in cocultivated target cells . Although most inbred 0000-9672 © 1990 SGM P. Di Marzio and others strains respond well to LPS, C3H/HeJ mice have been described as a mouse strain resistant to most of the in vivo effects of protein-free LPS preparations (Watson et al., 1978) . The gene that controls LPS sensitivity or resistance was mapped to the fourth chromosome and has been shown to exist in two allelic forms: Lps n, normal responsiveness to LPS, and Lps a, defective responsiveness (Watson et al., 1978) . Vogel and co-workers reported that PM from Lps d mice exhibited a less differentiated phenotype with respect to macrophages from Lps n mice (Vogel & Rosenstreich, 1979; Vogel et al., 1982; Duc Dodon & Vogel, 1985) . Defects in the production of cytokines that act as IFN inducers have been considered as possible mechanisms responsible for the low endogenous IFN production and undifferentiated phenotype of Lps ~ PM (Vogel & Fertsch, 1984) .
It seemed of interest, therefore, to investigate the effects of different biological response modifiers on the induction of IFN in mouse PM, and to characterize further the defects in the IFN response in Lps d PM.
Methods
Mice. Male and female Swiss and C3H/HeN mice (5 to 8 weeks old) were obtained from Charles River, Italia. C3H/HeJ (Lps a) mice were obtained from the Jackson Laboratory, Bar Harbor, Me., U.S.A.
Reagents. RPMI 1640 medium (M.A. Bioproducts) was supplemented with penicillin [100 international units (U)/ml], L-glutamine (2 raM) and heat-inactivated foetal calf serum (FCS) (Gibco) at a final concentration of 10%. All tissue culture reagents were purchased as endotoxin-free lots, as assessed by the Limulus amoebocyte assay. LPS from Escherichia coli (serotype O26:B6) was purchased from Sigma. Recombinant mouse IFN-'y (specific activity 5 x 107 units/rag protein) and recombinant human tumour necrosis factor (TNF)-fl (specific activity 108 to 2 x 108 units/mg protein) were kindly provided by Dr G. R. Adolf (Boehringer, Wien, Austria). Mouse IFN-~/fl (2 x 107 U/mg protein) was produced and partially purified in our laboratory as described elsewhere (Proietti et at., 1986b) . Recombinant mouse TNF-c~ (specific activity 8 × 107 units/mg protein) was a generous gift from Professor W. Fiers and Dr J. Tavernier (Ghent, Belgium). Recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) (1.25 × 107 U/mg protein) and recombinant IL-3 (1-6 × 107 units/mg protein) were kindly provided by Biogen. Recombinant human macrophage (M)-CSF (CSF-1), more than 95% pure as determined by SDS PAGE analysis, was obtained from Cetus Corporation, through the courtesy of Dr P. Ralph. Monoclonal antibodies to Mac-1 antigen (anti-Mac-l) were prepared in our laboratory as described herein. M1/70.15. ll.5 rat hybridoma cells (Springer et al., 1979) were purchased from the American Type Culture Collection (RockviUe, Md., U.S.A.) and injected intraperitoneally (i.p.) into BALB/c nude mice; ascitic fluids were harvested 20 to 25 days after tumour cell injection and the immunoglobulin fractions were separated by ammonium sulphate precipitation (protein concentration was approximately 2 mg/ml). Sheep anti-mouse IFN-~/fl globulin (sheep No. R5/4) (Proietti et al., 1986a) had a neutralizing titre of 1.0 x 10 -s against 4 to 8 U of IFN-~/fl.
Preparation of PM cultures. For preparation of macrophage monolayers, peritoneal washings were prepared as described elsewhere (Belardelli et al., 1984) and seeded in 24-well cluster plates; each well contained approximately 106 cells. Cells were allowed to attach to the plastic culture dish at 37 °C for 3 h, and non-adherent cells were discarded. The criteria used to define these firmly attached cells as macrophages have been previously described (Belardelli et al., 1984) . After 4 to 5 days in culture, the macrophages became permissive for vesicular stomatitis virus (VSV) and encephalomyocarditis virus and were used as target cells. These cultures of aged macrophages were as sensitive to the antiviral action of murine IFN-c~/fl as L cells.
IFN titration. IFN was titrated on murine L cells as described in detail elsewhere (BelardeUi et al., 1987) . Amounts of IFN are expressed as international units (IU), using as a standard reference units of the National Institutes of Health Standard Preparation, code G-002-904-511, which had a titre of 12000IU/ml when reconstituted.
Virus titration. The origin, methods of preparation and assay of VSV (Indiana strain) in mouse L929 cells have been previously described (Belardelli et al., 1984) .
Assay for induction of antiviral state in target cell monolayer
(i) Preparation of donor mouse cells. The peritoneum was washed with 2.5 ml of RPMI medium containing 10% FCS. Cells were centrifuged, resuspended in medium containing 10% FCS and used in co-culture experiments, as described elsewhere (Proietti et al., 1986a) .
(ii) VSVyield assay. A 0.1 ml sample of medium containing freshly harvested peritoneal cells (usually 2 × 106) was mixed with 0-2 ml 0-33% soft agar (Bacto-agar in 5% FCS-RPMI 1640; Difco Laboratories) to prevent the peritoneal cells from adhering to the underlying target cells. For control cultures (without peritoneal cells), 0.1 ml medium was mixed with 0-2 ml agar under the same experimental conditions. After solidification for 5 min at 4 °C, a second layer of soft agar was applied. After incubation for 24 h at 37 °C, agar and donor peritoneal cells were discarded, and the remaining monolayer was washed three times with medium (2% FCS-RPMI 1640). A 0.2 ml sample of a viral dilution (m.o.i. approximately 0.2) was added to each well. After 1 h of incubation at 37 °C, the cell sheet was washed thoroughly and 1 ml of nutrient medium was added. After incubation for 18 h at 37 °C in 5% COz, the cell-free nutrient medium was assayed for virus in mouse L929 cells.
Hybridization assay. Total cellular RNA was extracted as described by Chirgwin et al. (1979) . Plasmid pGEMmfl3 was constructed by inserting a 646 bp BamHI-PstI fragment of a cDNA clone (Higashi et al., 1983) into the corresponding restriction sites of pGEM-1 (Promega Biotech). The plasmid was linearized with EcoRl and transcribed as described previously (Gessani et al., 1988) . The RNA was purified by electrophoresis on 1% low melting point agarose gel and hybridized to 70 I-tg of total cellular RNA, as previously described (Gessani et al., 1988) .
Nuclear run-on transcription assay. This assay was carried out according to Friedman et al. (1984) , except that nuclei were prepared by the method of Greenberg & Ziff (1984) . Briefly, 2 × 107 cells were washed with ice-cold phosphate-buffered saline (PBS), collected by centrifugation and resuspended in 1 ml of lysis buffer (10 mM-NaCI, 3 mM-MgClz, 0.5% Nonidet P-40 and 10 mM-Tris buffer pH 7.4). After 5 min incubation on ice, nuclei were pelleted, washed and resuspended in 200 ~tl of transcription buffer containing the components previously described (Greenberg & Ziff, 1984) and 100 ~tCi of [c~-3zp]UTP. After 30 min incubation at 26 °C, the RNA was isolated (Raj & Pitha, 1983) and hybridized for 4 days at 37 °C to linearized plasmid DNA (3 ~tg/slot) bound to nitrocellulose. The filters were extensively washed, dried and then exposed at -80 °C. 
Results

Effect of different biological response modifiers on VSV replication in Lps n macrophages : role of endogenous I F N
We recently suggested that the response of Lps n PM to LPS and IFN-y may be explained by priming of these cells by low levels of IFN ; this priming would allow the PM to respond rapidly to different stimuli for IFN production (Gessani et al., 1989) . To establish whether PM were also capable of responding to other stimuli for IFN production, we examined the effect of different agents on IFN expression by measuring the induction of an antiviral state in virus-permissive macrophages. Fig. 1 (a) shows the results of experiments in which aged PM were treated for 24 h, before infection with VSV, with IFN-~,, LPS, M-CSF, GM-CSF or antiMac-1. The addition of IFN-y resulted in a marked reduction of VSV yield. A significant antiviral effect was also observed when these cells were treated with LPS, M-CSF or anti-Mac-1. In contrast, treatment with GM-CSF was almost ineffective in inducing an antiviral state in aged PM. It is worth emphasizing that a large part of the antiviral state induced by IFN-y, M-CSF, LPS or anti-Mac-1 in the aged PM was neutralized by the addition of polyclonal antibodies to IFN-~//~ (Fig. 1 a) , suggesting that these agents determined some aspects of the antiviral state by inducing IFN production. Similar results were obtained with monoclonal antibodies to IFN-//(data not shown). These findings are in agreement with our previous observations that IFN-/~ represents the major component of the IFN secreted after treatment of PM with LPS or IFN-y Gessani et al., 1989) . Likewise, treatment of Lps" PM with LPS or IFN-~, resulted in an increased accumulation of IFN-/~ mRNA, in keeping with our previous results (Gessani et al., 1989) . Barely detectable levels of IFN-~ m R N A were occasionally found in freshly explanted Lps n PM; no increase was observed after treatment with LPS or IFN-7 (data not shown).
The effect of TNF-c~ on the induction of an antiviral state in aged PM was also investigated. As shown in Fig.  1 (b) , TNF-cc inhibited VSV replication in aged PM; antibodies to IFN-~//~ almost completely neutralized this effect of TNF-c~ (Fig. 1 b) . In addition, T N F induced an increased accumulation of IFN-/J m R N A 3 h after cytokine treatment (Fig. 1 b) 
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Attempts to detect secreted I F N in cultures of macrophages treated with different biological response modifiers
Treatment of freshly harvested PM with LPS resulted in the secretion of IFN into the culture medium, starting 4 h after LPS addition . Neutralization studies with monoclonal antibodies showed that IFN-fl represented the major component (approximately 90~) of the LPS-induced IFN, whereas the residual 10~ was represented by IFN-~ . Since some cytokines, as well as anti-Mac-I, were capable of inducing an antiviral state to VSV in aged viruspermissive PM (Fig. 1) , we investigated whether treatment of freshly harvested PM with such agents resulted in secretion of IFN into the medium. IFN was undetectable in cultures of freshly harvested macrophages treated with GM-CSF, M-CSF, TNF or antiMac-I for 12 to 48 h. Low levels of IFN, neutralized by antibodies to IFN-fl, were found only in the medium of freshly harvested PM treated with IFN-7 (data not shown).
Constitutive transcription of IFN-fl mRNA in Lps d macrophages : effect of LPS and IFN-7
PM freshly explanted from Lps d mice are not permissive to VSV and their antiviral state decays more rapidly than that of PM explanted from Lps ~ mice . Lps d PM do not transfer an antiviral state to target cells and do not produce IFN in response to LPS . To investigate whether these differences between Lps ~ and Lpg a macrophages are associated with alterations in IFN-fl gene expression, we measured the level of IFN-fl mRNA in these cells by hybridization. As shown in Fig. 2(a) , PM explanted from Lps d mice spontaneously expressed low levels of IFN-fl mRNA barely detectable after 1 day of exposure. Such low levels did not increase after a 3 h treatment with LPS. In contrast, IFN-7 induced an accumulation of IFN-fl mRNA (Fig. 2a, lane 4) to an extent comparable to that previously observed in IFN-7-treated Lps ~ PM (Gessani et al., 1989) . We then performed run-on transcription assays in nuclei isolated from control PM and from PM treated with LPS or IFN-y (Fig. 2b) . Control PM constitutively transcribed low levels of IFN-fl mRNA; such transcription did not increase after a 2 h treatment with LPS or IFN-y (Fig. 2b) .
In vitro effects of different biological response modifiers on Lps d macrophages
Aged Lps d macrophages were treated for 24 h with LPS, IFN7, M-CSF or GM-CSF prior to infection with VSV. Treatment with LPS and GM-CSF did not reduce VSV replication, whereas a marked decrease of virus yield was observed in macrophages treated with IFN-7 and M-CSF (Fig. 3) . These effects were markedly reduced in the presence of antibody to IFN-ct/fl.
Synergistic antiviral effects of lFN-7 and IFN-ct/fl in aged P M
IFN-7 appeared to be very effective in inducing an antiviral state to VSV in both Lps n (Fig. 1 a) and Lps ° (Fig. 3) PM. The addition of as little as 1 U/ml of IFN-7 to either Lps ~ or Lps d PM resulted in a 100-fold reduction of VSV yield (data not shown). In particular, it seemed of interest that antibodies to IFN-~/fl inhibited only a portion of the IFN-7-induced antiviral state ( Fig. 1 a and  Fig. 3) . It was possible, therefore, that the strong antiviral activity exhibited by IFN-7 in PM might reflect synergistic antiviral effects due to endogenous IFN-fl and IFN-7 itself. We then performed a set of experiments to investigate whether IFN-7 and IFN-~/fl might exert some synergistic antiviral effects in virus-permissive PM. As shown in Fig. 4 , the treatment of either Lps ~ or Lps d PM with both IFN-7 and IFN-~/fl resulted in clear-cut synergistic antiviral effects to VSV.
In vivo effects of different biological response modifiers on the IFN response of Lps ~ macrophages
The Lps d macrophages appeared to be sensitive to some cytokines (i.e. IFN-7 and M-CSF) for the induction of The transfer of the antiviral state was completely prevented in the presence of antibodies to IFN-ct/fl (data not shown), in agreement with our previous observations . Injection of Lps n mice with M-CSF or NDV resulted in a slight increase in their capacity to transfer the antiviral state to target cells (Fig.  5) . Likewise, injection of Lps a mice with IFN-v, GM-CSF or M-CSF resulted in the persistence of an antiviral state, as shown by resistance to VSV infection after 2 days of in vitro aging (data not shown). As previously reported , PM from control Lps d mice were permissive for VSV replication after 1 or 2 days of in vitro cultivation. Fig. 3 . In vitro effects of different biological response modifiers on VSV replication in aged Lps d macrophages. PM harvested from C3H/HeJ mice were cultured for 4 days to render them permissive for virus replication. Macrophage cultures were treated for 24 h with different agents, before infection with VSV, as described in the legend to Fig. 1 (a) . Virus yields were titrated on L929 cells, as described in Methods.
Discussion
+1
The IFN-fl gene is constitutively expressed in PM ~ 5 explanted from normal mice, maintaining these cells in an antiviral state. In the absence of any stimulation, ~ 4 IFN-fl mRNA accumulates to very low levels in these r~ cells, suggesting that this mRNA undergoes a very rapid ~ 3 turnover. The accumulation of IFN-fl mRNA is mark-> = 2 edly increased when PM are treated with IFN-? or LPS (Gessani et al., 1989) . As reported in this article, barely 1 detectable levels of IFN-~t mRNA were found only _<0-5 occasionally in PM, and no changes in their basal levels were observed after treatment with LPS or IFN-y. Other stimuli (such as TNF, M-CSF and anti-Mac-l) can induce an IFN-mediated antiviral state in PM (Fig. 1) . We suggest that the constitutive expression of IFN-fl in PM may account for the rapid response of these cells to a variety of stimuli that do not generally induce IFN production in other cell types (Gessani et al., 1989) .
Transcription of the IFN-fl gene is finely regulated by the interaction of protein factors with positive and negative regulatory sequences in its promoter (Enoch et al., 1986; Fujita et al., 1988; Miyamoto et al., 1988) . In particular, it has been reported by Miyamoto et al. (1988) that the transcription regulatory factor IRF-1 is increased in L929 cells induced with NDV or primed with low amounts of IFN-~/fl. Moreover, it has been shown recently that transfection with a vector expressing IRF-t determines constitutive expression of IFN-~ and -fl (Fujita et al., 1989) . These observations suggest that In vivo treatment of mice, before harvesting the donor peritoneal cells, was as follows: 1 and 7, control, no treatment; 2, 0.2 ml PBS i.p. 2 days before harvesting donor cells; 3, 0-2 ml IFN-~ (5 x 105 U/ml) i.p. 1 and 2 days before harvesting; 4, 0.2 ml G M-CSF (105 U/ml) i.p. 1 and 2 days before harvesting; 5 and 8, 0.2 ml M-CSF (10 s U/ml) i.p. 1 and 2 days before harvesting; 6 and 9, 0,2 ml NDV (329 HAU) i.v. 1 day before harvesting. mediated antiviral state in PM (Fig. l b) . A similar activity of TNF-a has been previously shown in human fibroblasts and Hep-2 cells (Kohase et al., 1986; Jacobsen et al., 1989) . In both cases the TNF-induced antiviral state is neutralized by antibody to IFN-fl. It is relevant to point out that these cells express very low levels of IFN-fl mRNA, even though they are not in an antiviral state (Jacobsen et al., 1989) . As reported by Lee & Warren (1987) , M-CSF induces some resistance to VSV in PM cultures (Fig. 1) . Likewise, in vitro treatment of aged PM with anti-Mac-1 induces an antiviral state (Fig. 1) and increased IFN production in LPS-treated PM. In this regard, the report by Ding et al. (1987) that antibodies to Mac-1 induce macrophage activation, possibly by binding to a putative LPS receptor, is of interest. Among the various biological response modifiers tested in this study, IFN-y exhibited a very potent antiviral effect to VSV in PM (Fig. 1 a and  Fig. 3) . However, only a portion of the IFN-y-induced antiviral effect was neutralized by antibodies to IFN-a/fl, suggesting that the total extent of this antiviral state was likely to be due to both endogenous IFN-fl and exogenous IFN-7 itself. The finding that combined treatment with,low doses of both IFN-~, and IFN-~/fl resulted in synergistic antiviral effects to VSV (Fig. 4) , suggests that IFN-y and endogenous (spontaneous and/or induced) IFN-fl can act synergistically in inducing a potent antiviral state. Synergistic effects of IFN-~/fl and IFN-~ have been described in some cell systems (Fleischmann, 1982; Czarniecki et al., 1984; Lewis et al., 1989) . It is possible to speculate that such synergistic effects may play important roles in vivo, allowing even very low levels of cytokines to exert relevant biological functions.
A very strong correlation was recently reported (Vogel & Fertsch, 1987; Gessani et al., 1987) between the constitutive expression of IFN by PM and their ability to respond to LPS. PM from Lps a mice are in an antiviral state when first placed in culture but become permissive to viral replication more rapidly than PM harvested from Lps n mice . Moreover, Lps a PM do not transfer the antiviral state to target cells and do not produce IFN in response to LPS . Several studies by Vogel and co-workers (Vogel & Rosenstreich, 1979; Vogel et al., 1982; Duc Dodon & Vogel, 1985) suggest that macrophages from Lps a mice exhibit a less differentiated phenotype than LPSresponsive PM, as indicated by reduced receptormediated phagocytosis and impaired activation to a tumoricidal state. The reduced phagocytic activity of Lps d PM is fully restored by the addition of exogenous IFN to the culture (Vogel et al., 1982; Vogel & Fertsch, 1984) . These data suggest that the defects observed in Lps a PM are the consequence of lower IFN production and that, in Lps ~ PM, IFN acts as an autostimulatory differentiation factor (Vogel & Fertsch, 1984) . In this paper, we show that Lps d PM constitutively transcribe IFN-fl mRNA, which may account for the antiviral state exhibited by freshly explanted cells. However, Lps a macrophages are incapable of transferring such an antiviral state to target ceils. They acquire this capacity after in vivo treatment with IFN-y, M-CSF or other IFN inducers (Fig. 4) . These results further support the hypothesis that small amounts of LPS-like molecules are responsible for the constitutive expression in vivo of IFN in PM (Vogel & Fertsch, 1987; Gessani et al., 1987) . Lps a macrophages do not respond to LPS and produce only very small amounts of IFN, probably as a consequence of their less differentiated phenotype. We suggest that IFN-fl mRNA is degraded more rapidly in Lps a PM than in Lps" PM. The injection of IFN-7 or M-CSF into Lps d mice renders the PM capable of efficiently transferring an antiviral state (Fig. 4) . This effect may be due to a normal response to IFN inducers (different from LPS), such as IFN-y or NDV, and/or more complex activities exerted by IFN-7, M-CSF or GM-CSF on macrophages. 
